Immunohistochemical location of Glial Fibrillary Acidic Protein (GFAP) was used to compare the morphology of astrocytes in vascularized and partially vascularized retinae (human and rabbit, respectively). Astrocytes in human and rabbit retinae were found in the same regions as the blood vessels. These cells in partially vascularized retinae differed from those in vascularized retina in several respects. Firstly, there were six morphological types in rabbit retina and only two in human retina. Secondly, in rabbit retinae there were astrocytes only related to blood vessels called "perivascular astrocytes" which were absent in human retinae. Thirdly, the astrocytes were located in the nerve fiber layer and ganglion cell layer in both types of retinae, but in human retinae these cells could also be seen in the internal nuclear layer. These observations demonstrate that there are many differences between astrocytes in human and rabbit retina, suggesting that rabbit retina could be used with caution as an experimental model in comparative studies with human retina.
INTRODUCTION
There are two types of macroglial cells in mammalian retina: Mtiller glia, which extend radially across the entire retina; and astrocytes, which are found only in the vascularized areas. Astroglial cells were originally studied using silver techniques (Ram6n y Cajal, 1892 , 1911 Marchesani, 1926; Polyak, 1941) . More recently the use of antibody against Glial Fibrillary Acidic Protein (GFAP) has made it possible to label these cells selectively in different animal species (Dahl et al., 1986) . Astrocytes and blood vessel distribution are intimately linked (Stone & Dreher, 1987; Schnitzer, 1988) . The retinal vascularization pattern is an important factor in determination of the morphology and distribution of astroglial cells. The rabbit's retina is a widely used experimental model, and is frequently used to study epiretinal membrane formation, in which glial cells have an important role. Nevertheless, the vascularization pattern of the rabbit retinae is quite different from that of the human. In rabbits, the retinal blood vessels are located only in the medullary nerve fiber, in the form of two wings radiating from the optic nerve head (Michaelson, 1954) . Also rabbit retinal vascularization has another peculiarity: the vessels take an epi-retinal position, and only a few capillaries penetrate the retinal parenchyma (Michaelson, 1954; Hyv/irinen, 1967) . On the other hand, human retinal blood vessels are distributed regularly throughout the retina, with the exception of the avascular area of the macula. These vessels are located in the retinal parenchyma between the nerve fiber layer (NFL) and the internal nuclear layer (INL) (Henkind, 1967) . The present study examines the morphology and distribution of astroglial cells in human and rabbit retinae, taking into account the difference between the vascular patterns in the two species and given the intimate relationship between astrocytes and vascularizao tion pattern.
MATERIALS AND METHODS
Four normal adult human eyes (age range 30-60 years), enucleated about 2-4 hr post mortem for corneal transplantation were obtained from the Spanish Eye Bank, and four adult New Zealand albino rabbits were used for this study.
Human
The eyes were fixed with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS), pH 7.4, for 4 hr at 4°C. Two eyes were processed as retinal whole-mounts and two eyes were sectioned vertically. The immunohistochemical protocol followed Ramfrez et al. (1994) . A monoclonal mouse antibody directed against GFAP (clone GA-5) (Biomakor, Israel) was used in a 1/250 dilution. 1707 except that the incubation in the primary antibody solution was eliminated to demonstrate that the secondary antibodies reacted only with their respective primary antibody. ONL, outer nuclear layer; V, vitreous; blood vessels (arrowhead).
Rabbit
The animals were killed with an overdose of sodium pentobarbital and perfused perimortem with 4% paraformaldehyde in 0.1 M PBS at pH 7.4. The eyes were enucleated and were immersion-fixed for 4 hr at 4°C in 4% paraformaldehyde in 0.1 M PBS, pH 7.4. Two eyes were processed as retinal whole-mounts and two eyes were sectioned vertically. The immunohistochemical protocol followed Trivifio et al. (1992) . A monoclonal mouse antibody directed against GFAP (clone GA-5, Sigma) was used in a 1/300 dilution. Retinal sections were counterstained with hematoxylin for 5 min prior to dehydration, clearing and mounting.
Controls were treated in the same manner as above
RESULTS

Location of the Retinal Astrocytes
Rabbit astrocytes
In vertical retinal sections the GFAP(+) astrocytes were mostly located in the NFL and ganglion cell layer (GCL); however, in some cases a few processes were observed in the inner plexiform layer (IPL) [ Fig. I(A) ]. The astrocyte cell bodies were only located over epiretinal vessels, in the NFL and in the GCL [ Fig.  I(A) ]. In whole-mount retinas GFAP(+) astrocytes were confined to the medullary nerve fiber region, which was the only vascularized area in the rabbit retina.
Human astrocytes
In vertical retinal sections the GFAP(+) astrocytes were mostly located in the GCL and NFL; however some processes and cell bodies were observed accompanying the capillaries as far as the INL [ Fig. I(B) ]. In whole mount retinae the GFAP(+) astrocytes were found in the same regions as the blood vessels forming an enveloping plexus. These cells were found throughout the retina with the exception of a zone in the center of the fovea (the only avascular area).
Astrocyte Morphology
Rabbit astrocytes
Two principal groups of astrocytes were found: astrocytes associated with the nerve fiber bundles and perivascular astrocytes.
Astrocytes associated with the nerve fiber bundles.
These cells did not come into contact with blood vessel walls and most were aligned parallel to the axonal bundles in the NFL [ Fig. I(A) ]. These astrocytes took one of three shapes:
(a) Astrocytes with thick primary processes [ Fig.  2(A) ]. These exihibited a thick cell body from which processes issued, normally lying parallel to the axons of the ganglion cells and forming bundles. These cells were distributed throughout the medullary nerve fiber region and were strongly immunoreactive.
(b) Astrocytes with uniformly thin processes [ Fig.  2(B) ]. These presented a more star-like appearance and small cell body. The processes were long and thin and did not follow the direction of the ganglion cell axons. They showed low GFAP immunoreactivity and were located on the periphery of the medullary nerve fiber region, where the blood vessels had disappeared.
(c) Astrocytes with an intermediate appearance [ Fig.  2(C) ]. These cells were strongly immunoreactive.
They had a thick cell body from which thick processes (b) Perivascular-II [ Fig. 2(E) ]. These cells were starshaped and their spherical cell body had a basal cone with four to ten small, protruding, radial processes which made contact with the vessel wall. Perivascular-II astrocytes showed high GFAP immunoreactivity and were found on larger and medium-sized epiretinal vessels and over the ILM [ Fig. I(A) ].
(c) Perivascular-III [ Fig. 2(F) ]. These astrocytes showed the classic, star-shaped morphology in which processes emerge directly from the perikaryon, which lacks a basal cone. However, unlike perivascular-I and 1I, perivascular-III astrocytes exhibited low GFAP immunoreactivity and were positioned between capillaries. These cells were the only ones capable of making contact with other astrocytes of the same morphology to form a network. They were located on the internal retinal capillaries at the boundary between the NFL and the GCL. In some cases these cells projected processes which penetrated the IPL [ issued radially, giving the cell a star-like appearance; some processes did follow the course of the axons. These astrocytes were located on the periphery of the medullary nerve fiber region and did not make contact with the blood vessels.
Perivascular astrocytes. The perivascular astrocytes also took three shapes and were associated with the blood vessels:
(a) Perivascular-I [ Fig. 2(D) ]. This has an ovoid perikaryon, producing numerous sprouting hair-like processes, and shows strong GFAP immunoreactivity. Perivascular-I astrocytes were associated with medium-sized epiretinal vessels, and with capillaries located over the internal limiting membrane (ILM) [ Fig. I(A) ].
Human astrocytes
Unlike rabbit retina astrocytes, the astrocytes in the human retina cannot be grouped according to whether they make contact with the blood vessels or they associated with the axons, since all astrocytes can send processes to both blood vessels and axons. In the human retina, we may therefore distinguish two groups of astrocytes defined by morphology and location: elongated astrocytes and star-shaped astrocytes. Fig. 2(G) ]. These cells had a small, oval-shaped cell body. Two to four very long primary processes extended straight out from the two poles of the cell body parallel to the axons. These astroglial processes tended to group into bundles which separated the axon bundles from each other and made contact with the radial peripapillary capillaries. The cell body showed high GFAP immunoreactivity and was located in the NFL between axonal bundles and capillaries. Fig. 2(H) ]. These cells showed a star-shaped morphology. Four to eight primary processes emerged from the small, prominent, oval cell body. The primary processes divided into thinner secondary processes which in some cases extended into the retinal parenchyma as far as the INL accompanying the capillaries. The astroglial processes tended to join with the blood vessels and form a honeycomb plexus, and the ganglion cells lay within the honeycomb's chambers. The cell bodies were generally located over or in the proximity of blood vessels, and were distributed throughout the retina in the GCL.
Elongated astrocytes [
Star-shaped astrocytes [
DISCUSSION
Astrocytes in the human and rabbit retinae are found in the same regions as the blood vessels (Ikui et al., 1976; Schnitzer, 1987 Schnitzer, , 1988 Schnitzer & Karschin, 1986; Stone & Dreher, 1987; Robinson & Dreher, 1989; Trivifio et al., 1992; Ramirez et al., 1994 Ramirez et al., , 1996 . These cells in partially vascularized retina differ from the cells in vascularized retina in several respects.
In this study we observed that the astrocytes are located in the NFL, GCL and IPL in both types of retinae, but in humans these cells can also be seen in the INE.
The astrocytes in the rabbit retina take six different forms (Trivifio et al., 1992) and those in the human retina only two (Ramirez et al., 1994) . The morphology of the astrocytes associated with the nerve fiber bundles of the rabbit retina was similar to that originally reported by Schnitzer & Karschin (1986) and by Robinson & Dreher (1989) ; within this group, the astrocytes with thick cell bodies would be equivalent to classes Cj and C2, as defined by Robinson & Dreher (1989) , although we only found them in the NFL, while other authors have observed processes reaching as far as the outer plexiform layer. The astrocytes with thin cell bodies would be equivalent to class B as defined by Robinson & Dreher (1989) , and like these authors, we found that the processes from these cells did not follow the line of the axons or make contact with one another. Finally, the astrocytes with an intermediate morphology would be equivalent to classes C.~ and C4, and like the authors cited, we found these only in the periphery of the medullary nerve fiber region. These cells can be more or less starshaped, and therefore these authors have divided them into two different classes.
The astrocytes with an elongated morphology in human retina would be equivalent to the astrocytes associated with the nerve fiber bundles in the rabbit retina, and both could be adapted to connections with the axons in the NFE.
Star-shaped astrocytes in human retina are equivalent to perivascular-III rabbit astrocytes located in the retinal parenchyma in the GCL. These star-shaped perivascular astrocytes of the rabbit retina described by us (Trivifio et al., 1992) eventually connect the different intraparenchymatous blood vessels, their cell bodies being located between these vessels. Moreover, some of their processes make contact with processes of other neighboring astrocytes, thus making up an astroglial network similar to that constituted by human star-shaped astrocytes; both cells could, therefore, be more involved in vascular connections.
The astrocytes found in rabbit retina (perivascular astrocytes-I and II) which are only related with the blood vessels are absent in human retina (Ramirez et al., 1996) . The perivascular-I astrocytes are equivalent to those observed by Schnitzer & Karschin (1986) and to the class A astrocytes described by Robinson & Dreher (1989) . The perivascular-II astrocytes observed by us resemble the star-shaped perivascular astrocytes described by Schnitzer & Karschin (1986) , although in our case the cell body was located directly on the vessel wall. The presence of these cells only in rabbit retinas could be accounted for by the position of the blood vessels, which are epiretinal (Hyv~rinen, 1967) ; in humans, monkeys, cats and rats, the vessels are intraretinally located (Michaelson, 1954 ). An epiretinal vascular position would favor the appearance of perivascular astrocytes (I and retinal 1994) ; retinal 1989). II), which specialize in anchoring vessels to the parenchyma (Trivifio et al., 1992; they also carry out maintenance of the bloodbarrier in these vessels (Robinson & Dreher, 
Rabbit retina as experimental model in pathological conditions
The role of the astroglial cells in the retina is becoming increasingly important as knowledge is gained of proliferation and hypertrophy of astrocytes in response to aging and pathological conditions such as retinopathy of prematurity (McLeod et al., 1996) , age-related macular degeneration (Madigan et al., 1994) , or damage in the epiretinal membrane resulting from clinical disorders such as posterior vitreous detachment, retinal vascular occlusion, proliferative retinopathy, uveitis, retinal degeneration and various surgical procedures (Clarkson et al., 1977; Foos, 1977) .
The glial cells in the epiretinal membranes (astrocytes and Mfiller glia) have been identified as one of the main cell types composing these membranes. They can project themselves through the micropores of the ILM of the retina and arrange thenselves over its surface (Hiscott et al., 1984; Hui et al., 1988; Smiddy et al., 1989; Sramek et al., 1989; Gu6rin et al., 1990; Hosoda et al., 1993) .
In recent years the rabbit retina has been used as an experimental model to study the intrinsic and extrinsic factors which stimulate and modulate the proliferation of cells after these have been generated by epiretinal membranes in response to injection of various elements such as macrophages (Hui et al., 1988) , leukocytes (Lain et al., 1972) , autologous whole blood (Lean, 1987; Kono et al., 1995) , red blood cells (Miller et al., 1986) , chondroitin sulfate (Russell & Hageman, 1992) , interleukin-l-fl (Kosnosky et al., 1994) and bacterial endotoxin (Hiscott et al., 1988) . And again, it has been used after provocation of the epiretinal membrane to assess the l~ossibility of using therapeutic agents (Rubsamen et al., 1994) or laser to treat intravitreous pathologies (Brazitikos et al., 1995) .
Nonetheless, when extrapolating results derived from this model to humans, it is important to take into account the major differences between the astroglia of the rabbit and the human retina, In the rabbit, it is difficult to determine what type of astrocyte would be involved in the formation of the epiretinal membranes; in any event the perivascular astrocytes (I and II) located on the epiretinal vessels seem likely to be the cells that take part in the formation of these membranes, given that they would have no great distance to travel for that purpose. However, there are no such cells in the human retina and their morphology differs considerably from that of human astrocytes, so that preliminary studies would be required to determine what types of astroglial cells are involved in the formation of these membranes, and whether these types are equivalent to those found in the human retina as regards morphology and function.
The rabbit retina could, therefore, be used with caution as an experimental model in comparative studies (e.g., of epiretinal membrane) using human retinae.
